A laboratory experiment was performed to investigate the potential of biochar (BC) as an adsorbent for removing pymetrozine from aqueous solution. The adsorption data were well described by Langmuir isotherm, with maximum pymetrozine adsorption capacities of 13.8, 20.6, 11.0 and 18.8 mg g −1 for bush-, wheat straw-, peanut-and corn-derived BC in a single solution at 25 °C, respectively. The functional groups of BCs were -NH (1628.25 cm −1 ), -OH (3443.78 cm −1 ), -PO 4 (1089.2 cm −1 ) and -C-Cl (769.23 cm −1 ), which were responsible for binding pymetrozine. The adsorption capacity of BC was increased by 7.2-106.4% at different solution pH (1, 3, 5 and 7). The removal efficiency increased with the addition of BCs and over 70% pymetrozine removal was observed upon addition of up to 8 g l −1 . The rate of pymetrozine adsorption was fast, with 50-80% of the adsorption occurring in the first 120 minutes, followed by a much slower approach to equilibrium. The ∆G°values decreased (increasingly negative) from −165.3% to 235.9% at 298 K compared with 318 K for the adsorption of pymetrozine onto different BCs in a single solution. The study results indicate that plant residue-or agricultural waste-derived BC can act as an effective surface sorbent, but their ability to treat mixed waste streams needs to be carefully evaluated on an individual basis.
INTRODUCTION
Insecticides are indispensable to the farmers in the fight against plant pests. Although the use of insecticides provides unquestionable benefits in providing a plentiful, low-cost supply of highquality fruits and vegetables, the indiscriminate and injudicious use of insecticides has resulted in widespread contamination of food and feed (Shen et al. 2009 ). The constant increase in agricultural production promotes an equivalent increase in the level of insecticide residues in water and soil. Negative effects of the insecticides can be prevented by systematically controlling the movement of insecticide contents in agricultural products, food, fodder, soil and water. Therefore, reliable methods are needed to address the issue of poor insecticide-handling practices and use of more toxic insecticides by farmers (Bhanti and Taneja 2007; Mercana et al. 2007 ). Pymetrozine, a pyridine azomethine compound, 4, 5-dihydro-6-methyl-4(3-pyridylmethyleneamino)-1, 2, 4-triazin-3(2H)-one (IUPAC), is the first and only substance in the azomethine pyridine group. It is a novel insecticide with selective activity against homopteran insects and was developed by Novartis Crop Protection, Inc. (Sechser et al. 2002; Mercana et al. 2007; Li et al. 2011) . Many studies have demonstrated that pymetrozine is effective against aphids, whiteflies and plant hoppers in integrated pest management programmes (Polston and Sherwood 2003; Lashkari et al. 2007) .
Recently, pymetrozine has been widely used in rice fields in China because of the prohibition of highly toxic organophosphate pesticides in China and its high efficacy in controlling Laodelphax striatellus and Nilaparvata lugens ). The degradation dynamics of pymetrozine residue in the broccoli field, rice field and honey bees ecosystem had been reported previously (Shen et al. 2009; Li et al. 2011; Abramson et al. 2012 ), but few research had been conducted to determine the fate of pymetrozine that is adsorbed by the amendments. Improper and extensive use of the pesticide not only pollutes the cultivated soil and groundwater, but also leads to its accumulation in the crops, which is then transported to humans along the food chain (Jiries et al. 2002; Yu and Zhou 2005) . Moreover, the United States Environmental Protection Agency (EPA) has recently classified pymetrozine as a likely human carcinogen (EPA 2000) .
Biochar (BC) is a predominantly stable, recalcitrant organic carbon compound, produced by treating feedstock between 300 and 500 °C, under low (preferably zero) oxygen concentrations (Yang and Sheng 2003; Chen et al. 2008; Verheijen et al. 2010) . The feedstock of BC includes agricultural wastes or residues such as corn straw, grass, wheat straw, rice straw and rapeseed oil cake (Strezov et al. 2008; Ucar and Ozkan 2008; Kauffman et al. 2011; Pan et al. 2011; Zavalloni et al. 2011) . BC has a relatively structured carbon matrix with a high degree of porosity and extensive surface area and is increasingly being recognized as a useful soil amendment for improving agricultural performance with less impact on the environment (Lehmann and Joseph 2009; Pan et al. 2010; Woolf et al. 2010; Lehmann et al. 2011) .
BC is a low-cost, widely available and highly efficient sorbent material, which is being used for removing various kinds of pollutants . The recalcitrant and alkaline nature of BC-C could possibly be used to reduce pollution/remove pollutants in soil and water (Lehmann et al. 2006; Hossain et al. 2010) . Chen et al. (2008) reported that pine needle-derived BC effectively sorbed naphthalene, nitrobenzene and m-dinitrobenzene and can be used as an environmental engineered sorbent for removal of aqueous organic contaminants. reported that dairy manure BC could effectively remove lead and atrazine simultaneously, whereas straw-based BC was recognized as a substitute for activated carbon to remove reactive brilliant blue and rhodamine B (Qiu et al. 2009 ). Song et al. (2012) concluded that wheat straw BC had a great sorption capacity for hexachlorobenzene, and its application in soil significantly decreased the dissipation and volatilization of hexachlorobenzene from soil and thus resulted in reduced bioavailability of hexachlorobenzene, even for low BC application rates.
The objective of this study was to investigate the potential of BC derived from different feedstock for the sorption and removal of pymetrozine in aqueous solution under laboratory conditions. The Langmuir models were used to describe equilibrium isotherms. The mechanisms responsible for contaminant removal were elucidated at different pH, temperature, contact time and initial ions concentration using sorption kinetics and isotherms.
MATERIALS AND METHODS

BC, Pymetrozine Preparation and Characterization
BC used was produced from agricultural residues such as wheat straw, peanut hull, corn straw, bush branch and leaf (road-side bushes) by treating them at 350-550 °C under limited oxygen supply (pyrolysis) at the Sanli New Energy Company, Henan Province. The BC was ground to pass through a 2-mm sieve and was analyzed for its basic chemical properties using standard procedures. Basic properties of different types of BC are listed in Table 1 . A Hitachi scanning electron microscope S-3000N was used to observe the surface of BC beads. Pymetrozine (purity: 97%) was provided by Jiangsu Academy of Agricultural Sciences (Nanjing, China). Stock solutions of pymetrozine (200 mg l −1 ) were prepared everyday in a 30% ethanol solution and kept in the dark in a refrigerator. Working solutions were prepared by diluting the stock solution to give the final concentration of pymetrozine in range of 2-160 mg l −1 . All solutions were protected from light and used within 3-6 hours to avoid possible decomposition.
Experimental Design
The pymetrozine adsorption experiments were performed using a batch equilibration technique. Stock solution (200 mg l −1 ) of pymetrozine was prepared by dissolving 97% pymetrozine in deionized water. The adsorption experiments were conducted in 100-ml plastic flask by mixing 0.1 g of four kinds of BC separately at different pymetrozine solution pH (1, 3, 8 and 10). The mixture was then agitated on a reciprocating shaker at room temperature (25 ± 1 °C) at 180 rpm. Samples were subsequently filtered through a 0.45-µm filter paper. The impact of the BC dosage on the pymetrozine sorption was investigated in the same way as explained previously except that the initial pH of the solutions was adjusted to appropriate values. After 2 hours of incubation, the pymetrozine concentration in filtrates was measured. The filtrates were analyzed for residual pymetrozine concentration in the solution. Adsorption isotherms were obtained at pH 1. During these experiments, the initial pymetrozine concentrations were varied from 5 to 160 mg l −1 . Blanks filled with pymetrozine solutions, but without BC, were also run to assess losses of solute to reactor components during sorption tests. The maximum PCP losses in these blank samples were less than 3% during the experiments, and so the missing pymetrozine from the solution phase can be safely considered to be adsorbed into the BC phase. The samples were handled in the same manner as described previously for the pH experiments. The Langmuir model was used to evaluate and compare the adsorption capacities of the various BCs studied ( Table 2 ). The equation of the Langmuir model for adsorption of pymetrozine can be expressed as follows:
where Q e is the amount of pymetrozine adsorbed per unit weight of BCs (mg g −1 ), C e is the equilibrium pymetrozine concentration of solution (mg l −1 ), X max is the maximum adsorption capacity (mg g −1 ) and K 1 is the constant related to the affinity. The temperature effect was assessed by equilibrating BC solution containing pymetrozine on a shaker at 25, 35 and 45 °C. The thermodynamics of the adsorption processes were estimated using the following equations:
(2)
(3) (4) where Q e (mg g −1 ) is the amount of pymetrozine adsorbed onto the BCs from the solution at equilibrium, C e (mg l −1 ) is the equilibrium concentration of pymetrozine in the solution, R (J/mol K) is the gas constant 8.314, T (K) is the absolute temperature, and K e (l g −1 ) is the adsorption equilibrium constant. By plotting lnK e against 1/T, the values of ∆H°and ∆S°can be estimated from the slopes and intercepts, and the values of ∆G°can be obtained from the corresponding values of ∆H°and ∆S° (Sandler 2006; Liu et al. 2009; Yan and Quan 2009) .
The concentrations of initial and final pymetrozine in the adsorption experiments were determined using double-beam ultraviolet-visible spectrophotometer (TU-1901; Persee, China) . All experiments were conducted in triplicate. Control experiments without BC were carried out to determine the degree of removal of pymetrozine from the solution.
Statistical Analysis
All data were expressed as means ± standard deviation. Differences between the treatments were examined using a two-way analysis of variance. All statistical analyses were carried out using SPSS, version 17.0 (SPSS Institute, Chicago, IL). 
RESULTS AND ANALYSIS
Characterization of the Four BCs
Different functional groups of the BCs were observed by infrared radiation spectrum (Figure 1) . The functional groups included were −NH (1628.25 cm −1 ), −OH (3443.78 cm −1 ), −PO 4 (1089.2 cm −1 ) and −C−Cl (769.23 cm −1 ) with large organic molecules, which were responsible for binding and stabilizing pymetrozine in solid phase. 
Effect of Solution pH and BCs Dosage
The pH and rate of BC affected the adsorption of pymetrozine onto the BC [Figures 2(a and b) ]. The adsorption capacities were increased by 12.8-40.6% for bush BC, 26.0-106.4% for peanut BC, 7.2-45.1% for wheat BC and 1.6-42.5% for corn BC at solution pH (1, 3, 5 and 7) compared with pH (10) in a single-solution system. The efficiency of pymetrozine (8 g l −1 ) removal increased upon addition of BCs, by over 90% (bush and wheat BC) and 70% (peanut and corn BC). Figure 3 shows the effect of contact time on pymetrozine adsorption onto BCs. The rate of pymetrozine adsorption was fast, with 50-80% of the ultimate adsorption occurring in the first 120 minutes, followed by a slow approach to equilibrium. The pymetrozine adsorption capacities increased by approximately 10% at 10 °C. The pymetrozine adsorption capacity by bush BC was significantly higher than the other at the same initial pymetrozine concentration. It was observed that the bush BC had more ability to adsorb the pymetrozine through an endothermic reaction. 
Adsorption Kinetics
Adsorption Isotherms
The pymetrozine adsorption isotherms were studied at different initial concentrations ranging from 2 to 160 mg l −1 (Figure 4) . The maximum adsorption capacities of BCs for pymetrozine at 45 °C were significantly increased by 76.4% (bush BC), 317.7% (peanut BC), 64.3% (wheat BC) and 695.1% (corn BC), respectively, compared with adsorption at 25 °C. The results showed that the Langmuir equation provided good correlation to the experimental data. The parameter K was related to the affinity of the binding sites, which allows for comparisons of the affinity of BC studied towards pymetrozine. Peanut BC had a higher affinity for pymetrozine (0.21, 0.17 and 0.21 l/mg, respectively) than others. The data clearly showed that adsorption of pymetrozine onto BCs was affected by temperature. These results suggest that pymetrozine may either bind to the similar sites on the surface of BCs derived from the different sources, but had a little difference with regard to adsorption, suggesting that pymetrozine can compete with different binding sites at higher concentrations.
Thermodynamic Studies
The thermodynamic parameters, the values of enthalpy ∆H°and entropy ∆S°, and Gibbs free energy ∆G°of sorption, were useful in defining whether sorption was endothermic or exothermic. Adsorption studies were carried out at temperatures of 25, 35 and 45 °C. Higher temperatures significantly increased adsorption of pymetrozine onto BCs, indicating that adsorption was an endothermic process. The thermodynamic parameters of pymetrozine adsorption onto BCs are shown in Table 3 . Results of thermodynamic studies indicate that higher temperatures favoured the adsorption of pymetrozine. The overall free energy change during adsorption was either positive or negative for the experimental range of temperatures (Table 3 ). When the temperature increased, the magnitude of free energy decreased in single solution, which suggests that the adsorption was more spontaneous at higher temperatures. The value of the enthalpy change shows that the adsorption is endothermic.
ANALYSIS
The characteristics (e.g. basic property) of the BCs studied were different. The adsorption capacity depends on accessibility of the organic molecules to the inner surface of the adsorbent, which further depends on the factors such as size of the adsorbent, surface area and pore texture (Moreno-Castilla 2004) . Other characteristics of the adsorbent such as mineral matter contents also control the adsorption process. This has, in general, a detrimental effect on the adsorption by blocking the porosity of the carbon matrix and can preferentially adsorb water due to its hydrophilic character, thereby reducing the adsorption rate. Radovic et al. (2001) reported that the BC adsorption of phenolic compounds was affected by surface oxygen complexes during the processes. They also reported that the increase in surface acidity of BC, produced after their oxidation, brings about a decrease in the amount of phenol adsorbed from diluted aqueous solutions. The adsorption processes of four kinds of BCs studied were very similar during the experiments, but their adsorption capabilities were slightly different.
Although the pymetrozine adsorption was only affected by binding sites at different concentrations, the solution pH, temperature and reaction time also affected the performance of the absorbents. Results from this study indicate that plant residue-or agricultural waste-derived BC can act as an effective surface adsorbent ). This also can be explained by the fact that pymetrozine molecules bind to the active areas on the surface of BCs, such as hydroxyl, carboxyl, methoxyl and phenolic groups by van der Waals binding, causing displacement of H + (Yadava et al. 1991; Acemoglu and Alma 2004; Özcan et al. 2006) .
The pH also affects the adsorption of pymetrozine from aqueous solution because it affects the concentration of the counter ions on functional groups of the adsorbent and degree of ionization (Blaquez et al. 2005; Kula et al. 2008) . The adsorption of pymetrozine by BCs can occur through electrostatic interactions between positive pymetrozine functional groups and negative functional groups of adsorbents. An increase in pH to enhance the dissociation of acidic functional groups thus decreases the adsorption (Qiu et al. 2008) . Cui et al. (2009) found that the addition of rice-straw ash increased sorption and inhibited the genotoxicity of sediments polluted with pentachlorophenol and pyrene. However, when added in large amounts (e.g. 10.0%), ash can also exert a genotoxic effect that may be attributed to the high alkalinity of ash and solution pH in sorbent, which generally govern the sorption of pentachlorophenol (He et al. 2006; Lou et al. 2011) .
The degradation rate of pymetrozine in water was slightly faster compared with that in rice straw. Li et al. (2011) suggested that a dosage of 300-600 g hm −2 BC could be regarded as safe to human beings, and a 14-day interval between application and harvest was found to be safe for the use of pymetrozine. At low concentrations, pymetrozine was located at the outer surface of the BC independently, whereas with increasing solution concentration, pymetrozine entered into the interior structure, resulting in higher removal capacity (Liu and Zhang 2009) . The higher adsorption capacity of pymetrozine on the BCs can be explained by the fact that the BC used in this study was not fully carbonized, and may represent different sorption mechanisms compared with modified BCs (Chen et al. 2008; ). The sorption of pymetrozine on the BCs was a combined mechanism of adsorption and partition, representing the sorption on carbonized and non-carbonized fractions of the BC. The functional groups of BCs also affect the adsorption of pymetrozine.
It has been reported that surface area, porosity and functional groups of BC play important roles in the sorption of organic pollutants (Cui et al. 2009; Lou et al. 2011) . The characteristics of BCs, such as surface area and porosity, helped in capturing pymetrozine through surface coverage, multi-layer adsorption and condensation in capillary pores. Furthermore, there were abundant functional groups on the surface of BCs (Xu et al. 2012) . Various bands in the spectra represented vibrations of functional groups in BCs (Chen et al. 2008) . Visible peaks at 1628.25, 3443.78, 1089.2 and 769.23 cm −1 indicated a great amount of original organic residues, such as -OH, -NH and -C-Cl. Therefore, the sorption of pymetrozine onto the BCs was a characteristic of sorption process arising from site-specific interactions on the fraction and functional groups of the BC.
Pymetrozine adsorption capacity increased with an increasing temperature, suggesting that the adsorption was an endothermic process. This can be attributed to the sufficient energy provided by increasing temperature for the pymetrozine molecules to reach and adsorb onto the interior structure of the absorbents (Liu and Zhang 2009) . The thermodynamic studies showed that the value of ∆G°s uggests the spontaneous nature of adsorption and gives the information about the type of adsorption, that is, whether they are chemical or physical. In general, the change of free energy for physical adsorption is in the range of −20 to 0 kJ mol −1 , whereas chemical adsorption is between − 400 and −80 kJ mol −1 (Atkins 1990). The experimental results are shown in Table 3 . The ∆G°for tested temperatures was between −10 and 10 kJ mol −1 during adsorption and this value was in the range of physical adsorption, showing that pymetrozine adsorption was a physical process and the process was still going on for the ∆G°values of BCs greater than 0. The positive value of ∆H°in the single solution suggests that the adsorption was an endothermic process and this result was confirmed by the effect of temperature on pymetrozine adsorption. The value of ∆H°can be related to the events necessary for the formation of transition state. The higher the ∆H°value, the larger the amounts of stretching, squeezing or even breaking of chemical bonds to reach the transition state (Lai and Tabatabai 1992) . The entropy change (∆S°) value corresponds to an increase in the degree of freedom of the adsorbed species in single solution and decrease in binary solution.
The sorption isotherm and competitive sorption studies of pymetrozine indicate that the BCs were heterogeneous adsorbents with a combined adsorption and partition mechanism, occurring on carbonized and non-carbonized fractions of the adsorbents . In addition to these results, it can be predicted that adsorption was rather complex involving more than one mechanism. The results of this study suggest that BC can be used as an efficient adsorbent for removing pymetrozine from waste water (Kula et al. 2008) .
CONCLUSIONS
This study focused on the pymetrozine adsorption onto BCs from aqueous solution. Pymetrozine were chosen as model organic contaminant. The results indicate that BCs had a great potential to adsorb pymetrozine. The operating parameters, namely pH of solution, contact time, initial concentration of the ions and temperature, had an impact on adsorption. From the experimental model, the mean free energy was determined, which indicated that the adsorption of pymetrozine onto BCs had taken place by physical adsorption and partial chemical ion exchange. It can also be concluded that the BCs are effective and alternative biomass for the removal of pymetrozine from wastewaters in terms of high adsorption capacity, natural and abundant availability, and low cost. The BC is a potentially attractive material for in situ removal of organic pollutants in soil and to protect surface and ground water from organic pollutants.
